Mapping and characterization of forest and vegetation are particularly challenging in urban areas. High resolution imagery is needed for mapping and characterization purposes, due to the areal extent of urban forests, parks and recreational areas. Fusion techniques of panchromatic (1m resolution) and multiband (4m resolution) IKONOS data were used for mapping and characterization of land covering characteristics of urban green areas, allowing the identification of parks, tree areas and fields with a minimal mapping unit of 160 m 2 . Techniques, that integrate the fine details of the input data into the fused image, are used. Experimental results for different image fusion methods (Laplacian, Gradient pyramids, Principal Component Analysis and Wavelet transform) are also demonstrated in order to improve spatial resolution.
INTRODUCTION
The interest in the mapping urban green areas has grown due to urban environmental study and urban planning. Policymakers and planners have become aware of the environmental and economical benefits that trees and green areas provide in terms of air quality and energy conservation. Planners today we need tools to map urban forests and to incorporate new green urban infrastructure. Green areas are a fundamental component in the structure and urbanized operation of the landscape. They not only provide recreational and relaxation spaces for inhabitants of cities, but also constitute a cooling mechanism within the urban landscape. Trees and urban parks provide shade to pedestrians and buildings. Traditionally, the extraction and mapping of urban green areas has been made through visual interpretation and field work.
The mapping and characterization of the efforts components vegetation cover in urban areas within Mexico City are made through the use of information of high resolution images (IKONOS). In this study we used IKONOS 1m and 4m multispectral resolution. By means of fusion techniques it is possible to improve the spatial resolution of the IKONOS images. Image fusion is used to combine two or more images to create a new image 8 . The essential problem when fusing images is keeping relevant patterns of all source images, that is to say important details in the images must be preserved in the resulting image. During the fusion process spurious elements that can interfere in subsequent analyses must not introduced.
The objective of image fusion is to generate synthetic images with higher resolution that attempt to preserve the radiometric characteristics of the original multispectral data. This is very important for vegetation analysis. It is desirable that any procedure to fuse high resolution panchromatic data with low resolution multispectral data preserves the original spectral characteristic as much as possible. The procedure should be optimal, in the sense that, only the additional spatial information available in the higher resolution data is blended into the multispectral bands.
In the present paper, the efficiency of different techniques to merge multiresolution and multispectral data has been tested. The panchromatic band and the multispectral bands of IKONOS have been merged into new images that combine the spectral characteristics of IKONOS data with the relatively high spatial resolution of the panchromatic band.
The fusion techniques studied here are the Laplacian pyramid, Gradient pyramid, Wavelet transform and the standard method of Principal Component Analysis. The first three techniques are multiresolution methods that consist of decomposing an image into sub-images, that representing the spatial contents of the original image at different levels of resolution. Consequently, each multispectral image and panchromatic image were decomposed in a pyramidal structure. In order combine the information carried by each image, some coefficients are selected from the source image pyramids. The rule used to select coefficients is based on match and salience measures 2 . Finally, the composite image is recovered through an inverse pyramidal transformation.
From the result fusion images, a vegetation index, derived from red and near infrared IKONOS data, is used to evaluate vegetation conditions for urban green areas, and used as a quantitative measure of photosynthetic activity to characterize vegetation condition.
The result and conclusions of this paper may be useful to improve the spatial resolution and to enhance urban areas imaging.
IMAGE DATA AND METHODOLOGY
The mapping and characterization of the vegetation cover in Mexico City include three main stages: image preprocessing, the study and application of fusion techniques for the identification of green areas; and image classification for the identification of green areas.
Pre-processing
The pre-processing stage includes: geometrical and radiometric corrections. The 1m and 4m IKONOS images have different pixel sizes, so the lower resolution image is resampled to match the higher resolution size by means of cubic interpolation. The next step involves a reference image to make the coregistration between the panchromatic and the multispectral images. Geometric correction for both types of images has to be done carefully and with sufficient ground control points in order to avoid mis-registration. Due to the terrain conditions of Mexico City, image orthorectification is the first important task in spatial analysis. The approach used here considers an elevation terrain model as part of the correction. With a digital elevation model (DEM), the correction of displacement by relief can be made. Orthorectification is made through corresponding points of the reference image with the DEM. When sufficient control points are collected, new dimensions for the image are calculated (a cubic resampling process is selected to preserve the spectral response in both images), and the final step in the generation process is to calculate digital values for every pixel in the output image.
Study and applications of fusion techniques
One way to take advantage of the panchromatic and multispectral images of IKONOS is to synthesize composed hybrid images by means of an image multiresolution fusion method. For this purpose experimental tests were implemented to select the decomposition depth, coefficients combination criteria were carried out. Different fusion methods were compared (Laplaciana pyramid, Gradient pyramid, Wavelet transform, and Analysis of Principal Component).
The concept of multiresolution analysis plays a central role in the fusion process. Figure 1 shows the scheme of multiresolution fusion. The idea of pyramidal methods was first presented in image processing by Burt and Adelson in 1983 in a scheme which they called Laplacian pyramid. The proposed pyramid method uses Gaussians functions taken from their relevance in the human vision system. A pyramid can be described like a filtered copy collection in which the image is reduced in each step. From this work different pyramid models have arised such as the Gradient pyramid 1 . Figure 1 . Scheme of image fusion.
The image pyramid is a data structure designed to support efficient scaled convolution through reduced image representation. It consists of a sequential copies of the original image in which the resolution is decreased in regular steps. These reduced resolution levels of the pyramid are themselves obtained through a highly efficient iterative algorithm.
The first step to construct a Laplacian pyramid is to apply a low pass filter on the original image 0 G and then get a subsample by a factor of two in order to obtain the next pyramid level, 1 [ ] 
Reconstruction is completed by converting the Laplacian to the FSD Laplacian, and then converting the FSD pyramid to the Gaussian pyramid.
The Laplacian pyramid ideas motivated S. Mallat in 1989 to demonstrate that a set of orthonormal wavelet provides an alternative to achieve this type of analysis. Thus Mallat 6 , in collaboration with Meyer, demonstrated the mathematical model of the wavelet multiresolution process. Recently, the wavelet transform has been shown as a powerful fusion method that preserves the spectral characteristics of images 7, 5, 9 . In this study we used the Haar Wavelet transform. The motivation for using the Haar Wavelet is the easy implementation. Four pyramidal levels were used in this study. This value has been found by using a trial and error technique, and they are related to the level of detail in the images being considered.
Rule of fusion pyramid
After the construction of the input pyramids, different methods of extracting information from the input image can be used for the selection of specific patterns. The method exploited throughout this paper is based on salience ( ) S and match measures ( ) M . This method is based on the selection of the higher value coefficients.
In order to acquire the information carried by each pyramid, the salience of each pattern has been considered 2, 10 . The salience of a particular component pattern is high if that pattern plays an important role in the information the scene. A good measurement of pattern salience is pixel intensity. It can be defined as the local energy of the incoming pattern with neighborhood p , as follows The combined pyramid ( ) , , , C i j k l can be described by using the following expression: Another studied method is based on Principal Component Analysis (PCA). This is a commonly used technique for analysis of remote sensing images. The principle of image fusion is to get the best resolution without altering the spectral contents of the image. The idea of the PCA method 11 by substitution, is to replace the first principal component (PC1) by a higher resolution image. This PC1 accounts for the maximum variance, which results in an improved resolution of data in the fused image. Figure 2 shows the visual results of the different fusion methods. 
Classification of images for the identification of green areas
At present, a few quantitative evaluation methods of image fusion techniques have been carried out. Most of the existing evaluations are based on visual appreciation. Obviously, trees and meadows cannot be classified properly because they similar spectral properties. In this work we use a vegetation index derived from red and infrared bands and an ISODATA classification method.
The vegetation index was applied to the results of the images obtained by the previous fusion methods, that is to say, to the new synthetic images. The vegetation index was obtained by calculating the ratio of red and near infrared bands, (Red-NIR/Red+NIR), whose results are shown in figure 3 . The resulting fused images do show the presence of vegetation, remarkably on the basis of the difference between visible and NIR reflectance. The accuracies of the conventional classification are reported in Table 1 . The accuracy assessment 3 was carried out using the random method in an area of 1500 x 1500 pixels. Three hundred randomly selected points were assessed in the area. In order to validate the registered random points, they were compared with visual reference data, in the IKONOS bands red and NIR, and also with field work data.
On table 1 we note that for the tree class the best classification performance is achieved by PCA followed by Haar Wavelet transform, while for the field class the best performance is obtained with the original IKONOS image followed by the Haar Wavelet transform and PCA. It is important to mention that in the case of PCA and Haar Wavelet transform class boundaries are better defined than with the other methods. Rodriguez) , 5b Classification, the dark gray color is the tree class and gray is field class.
The results obtained from the definition and location of the different types of green areas in Mexico City, generates a great amount of information. When converting the classified image to raster format, it generates many polygons, since the IKONOS images offer the possibility of identifying individual elements such as trees. Therefore, it was necessary to choose a minimal mapping unit of 160m 2 , allowing the identification of parks, tree areas and fields.
CONCLUSIONS
The fusion methods evaluated, maintained the radiometric properties of the original multispectral image. Furthermore, with fusion, the spatial resolution of the images was improved.
A comparison of the synthetic images with the original ones revealed that the best method to merge panchromatic and multispectral IKONOS is Principal Component Analysis followed by Wavelet transform and Gradient pyramid.
It is necessary to continuing with the study of image fusion testing other types of fusion methods similar to the Wavelet transform such as the Hermite transform 5 are worthwhile to consider. The Hermite transform provides a better image representation model for image fusion due to the operators based on Gaussian derivatives. Furthermore noise removal is applied to each image to fuse, allowing for image restoration.
This improved method of monitoring urban green areas allows for a more efficient extraction of the forest cover (trees) areas, better than manual interpretation. The effects of shadows and sun angle were not taken into account.
